Introduction {#s1}
============

Cre recombinase (Cre), which is derived from P1 bacteriophage, is a 38 kDa protein composed of four subunits that recognizes pairs of specific 34 bp DNA sequences called *loxP* sites \[[@r3], [@r6]\], and induces accurate excision, inversion, insertion, and translocation of genomic DNA, depending on the position of these *loxP* sites \[[@r16]\]. The Cre/loxP system was first used in yeast and in cultured mammalian cells \[[@r18], [@r19]\] and it has recently become an indispensable tool for temporal and spatial control of gene function in mice \[[@r10]\]. Consequently, many scientists have generated various mice that express Cre and carry *loxP* sites in the murine genome. For example, some research groups have developed mouse lines with an insulin-promoter-driven *Cre* transgene to control the expression of a specific gene in pancreatic β cells \[[@r12]\]. Other groups have established mouse lines with exon(s) of the *Ern1* gene flanked by *loxP* sites to examine the effects of deletion of the gene *in vivo* \[[@r8], [@r20], [@r23]\]. In addition, several reporter mice have been used to monitor recombination by the Cre/loxP system. Some of these mice have an exogenous *lacZ* gene as a reporter that is transcriptionally activated in a Cre/loxP-dependent manner \[[@r1], [@r21]\]. Others have two fluorescent reporter genes that are alternatively expressed before and after Cre/loxP-mediated recombination \[[@r4], [@r5]\]. In the former case, because mouse or tissue samples have to be treated by paraformaldehyde fixation and X-gal staining \[[@r2]\], the Cre activity can be detected only in nonliving mice or nonliving tissues, whereas on the latter case, because the mice only require excitation with light of specific wavelength \[[@r7]\], the Cre activity can be detected in living mice or living tissues.

These Cre reporter mice are usually designed to express variants of jellyfish-derived green fluorescent protein (GFP) or reef coral-derived red fluorescent protein (RFP). Thus, Cre activity can be easily detected from a change in the color of the fluorescence from red to green or from green to red \[[@r4], [@r5]\]. However, it is possible that the Cre-dependent signal from a mouse model exhibiting strong fluorescence before Cre/loxP-mediated recombination might be confused with false signals, because the GFP signal includes some fluorescence in the red region of the spectrum, and the RFP signal includes some fluorescence in the green region of the spectrum \[[@r14]\]. Here we report our fortuitous production of a transgenic mouse model that exhibits a weak red fluorescence before Cre/loxP-mediated recombination and strong green fluorescence afterwards. This property is manifested ubiquitously in this mouse model. The use of this model should decrease concern about errors in the judgment of signals and might increase certainty in respect of the detection of Cre activity *in vivo*.

Materials and Methods {#s2}
=====================

Gene constructs
---------------

pCAX-CREI-RtoG was made by insertion of a Venus-Flag fragment and a DsRed1-HA fragment into the KpnI/XhoI sites and the EcoRI/BamHI sites of pCAX-MCS-loxP-1, respectively. pCAX-MCS-loxP-1 was made by insertion of a loxP-int/pA-loxP fragment into the HindIII/BamHI sites of pCAX. The Venus-Flag fragment was produced by PCR using 5'-ccg gaa ttc cca cca tgg tga gca agg gcg agg agc tgt tca cc-3' as the forward primer, 5'-cgc gga tcc aag ctt tta ctt gtc atc gtc gtc ctt gta gtc ctt gta cag ctc gtc cat gc-3' as the reverse primer, and Venus full-length cDNA as the template. The Venus full-length cDNA was gifted from Dr. Takeharu Nagai (Osaka University). The DsRed1-HA fragment was produced by PCR using 5'-cgg ggt acc cca cca tgg tgc gct cct cca aga acg tca tca agg-3' as the forward primer, 5'-ccg ctc gag aag ctt cta agc gta atc tgg aac atc gta tgg gta cag gaa cag gtg gtg gcg gcc ctc g-3' as the reverse primer, and DsRed1 full-length cDNA as the template. The DsRed1 full-length cDNA was obtained commercially from Clontech Laboratories Inc. The loxP-int/pA-loxP fragment was produced by PCR using 5'-ccc aag ctt ata act tcg tat agc ata cat tat acg aag tta tcg gta cca gat atc tgc agc tcg agg cta gct agg tag cta gag g-3' as the forward primer, 5'-cgc gga tcc atc gat gcg gcc gcg aat tcg ata act tcg tat aat gta tgc tat acg aag tta ttc gcc cat ctt ctg aag ctg atc c-3' as the reverse primer, and the intron and polyadenylation site region derived from the SV40 T antigen gene on pCAX as the template.

pCAX-Cre was made by insertion of a Cre fragment into the XhoI/BamHI sites of pCAX2. The Cre fragment was produced by PCR using 5'-ccg ctc gag gga tcc cca cca tgg cac cca aga aga aga gg-3' as the forward primer, 5'-gga aga tct cta atc gcc atc ttc cag cag g-3' as the reverse primer, and Cre full-length cDNA as the template. The Cre full-length cDNA was obtained commercially from Gene Bridges.

Transgenic mice
---------------

The 5.3-kb SpeI-SfiI fragment of pCAX-CREI-RtoG was microinjected as a transgene into fertilized mouse eggs (C57BL/6JJcl) to develop the CREI mouse line, and genotyping of the offspring was performed by PCR using the following primers: 5'-cgg cca cga gtt cga gat cg-3' and 5'-tgt aga tgg act tga act cc-3'.

Meox-Cre mice (Stock number: 003755) were obtained from The Jackson Laboratory. Genotyping of the offspring was performed by PCR using the following primers: 5'-ggg acc acc ttc ttt tgg ctt c-3', 5'-aag atg tgg aga gtt cgg ggt ag-3', and 5'-cca gat cct cct cag aaa tca gc-3'.

RIP-Cre mice (Stock number: 003573) were obtained from The Jackson Laboratory. Genotyping of the offspring was performed by PCR using the following primers: 5'-gcg gtc tgg cag taa aaa cta tc-3' and 5'-gtg aaa cag cat tgc tgt cac tt-3'.

CREI mice, Meox-Cre, and RIP-Cre mice were maintained by mating with wild-type mice (C57BL/6JJcl). The protocols for the animal experiment were approved by the Animal Studies Committees at Nara Institute of Science and Technology (authorization number: 150) and at Kanazawa Medical University (authorization numbers: 2016-107 and 2017-51); all experiments were performed in accordance with the appropriate institutional guidelines.

Southern blot analysis
----------------------

Genomic DNA was extracted from the tail tip of the mouse in accordance with a standard procedure. Aliquots of 10 *µ*g of genomic DNA were digested with HindIII, loaded into the appropriate lanes of 0.8% agarose gels, and transferred onto nylon membranes (\#60207; PALL, Port Washington, NY, USA). Hybridization was performed in H solution \[500 mM Na~2~HPO~4~, 1 mM ethylenediaminetetraacetic acid (EDTA), and 7% sodium dodecylsulfate (SDS)\] at 65°C for 16 h. The membranes were washed four times with W solution (40 mM Na~2~HPO~4~ and 1% SDS) at 65°C for 10 min. To detect the CREI transgene, a ^32^P-labeled DsRed1 coding region was used as a probe.

Northern blot analysis
----------------------

Total RNA was extracted from cultured cells and tissue fragments by using the Isogen reagent (\#311-02501; Nippon Gene, Tokyo, Japan). Aliquots of 5 *µ*g of total RNA were loaded into the appropriate lanes of 1% denaturing agarose gels and transferred onto nylon membranes (\#RPN303N; GE Healthcare, Little Chalfont, UK). Hybridization was performed in H solution (500 mM Na~2~HPO~4~, 1 mM EDTA, and 7% SDS) at 65°C for 16 h. The membranes were washed four times with W solution (40 mM Na~2~HPO~4~ and 1% SDS) at 65°C for 10 min. To examine the expression of DsRed1-HA mRNA and Venus-Flag mRNA, the ^32^P-labeled coding regions of DsRed1 and Venus, respectively, were used as probes.

Western blot analysis
---------------------

The culture cells and the tissue fragments were lysed in SDS sample buffer \[50 mM Tris-HCl, pH 6.8, 2% SDS, 50 mM dithiothreitol, 10% glycerol, and 1 mg/ml bromophenol blue\]. The lysate was heated to 98°C for 10 min, and SDS-PAGE was performed to separate the proteins in the lysate. After electrophoresis, the proteins were electrotransferred onto PVDF microporous membranes (\#IPVH00010; Merck, Darmstadt, Germany) and immunodetected with the anti-FLAG monoclonal antibody (\#F3165; Sigma-Aldrich, St. Louis, MO, USA), anti-HA monoclonal antibody (\#ab-hatag; Invivogen, San Diego, CA, USA), and anti-GAPDH monoclonal antibody (\#2118; Cell Signaling Technology, Beverly, MA, USA).

Quantitative PCR analysis
-------------------------

Quantitative PCR analysis was performed by using the TaqMan probe and Real-Time PCR systems (\#StepOnePlus; Thermo Fisher Scientific, Waltham, MA, USA). Three probe/primer sets (\#Mr04329676_mr, \#Mm00607939_s1 and \#4352339E; Thermo Fisher Scientific) were used to quantify the expression level of the Venus-Flag gene, the β-actin gene, and the *Gapdh* gene. The copy number of the CREI gene and the DsRed1-HA gene in genome and the expression level of the DsRed1-HA gene were quantified by using 5'-acg gcc acg agt tcg aga-3' as the forward primer, 5'-acg tac acc ttg gag ccg tac t-3' as the reverse primer, and 5'-FAM-aag ggc ggc ccc ct-MGB-3' as the probe. For the quantification of the gene expression level, mRNAs were previously reverse-transcribed by using the SuperScript first-strand synthesis system (\#11904-018; Thermo Fisher Scientific) in accordance with the manufacturer's instructions.

Cell culture
------------

Mouse embryonic fibroblasts (MEFs) were isolated in accordance with a standard procedure \[[@r17]\]. Plasmid transfection into NIH3T3 cells was performed with an electroporator (\#4D-Nucleofector; Lonza, Basel, Switzerland) in accordance with the manufacturer's instructions. pCREI-RtoG, pCAX-Cre, and pCAX were used as plasmids for expression of the CREI gene, for the expression of Cre, and for sham transfection, respectively. MEFs and transfected NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37°C under 5% CO~2~. To inhibit proteasome activity, MEFs were treated with 20 *µ*M MG132 (\#3175-v; Peptide Institute Inc., Osaka, Japan) for 6 h.

Isolation of islets from mouse pancreas
---------------------------------------

Islets were isolated from pancreas of 8-week-old mice in accordance with a previous report \[[@r11]\].

Imaging of fluorescent signals
------------------------------

The embryos and placentas were collected surgically from the uteri of female mice at 12.5 days *post coitum*. The adult tissues were collected surgically from female mice at 5 or 6 weeks old. Fluorescent signals from them were imaged by using an *in vivo* imaging system (\#Lumina; Perkin Elmer, Waltham, MA, USA) or a fluorescence stereoscopic microscope (\#MVX10; Olympus, Tokyo, Japan) with a color charge-coupled device (CCD) camera (\#DP72; Olympus). Imaging of fluorescent signals from the MEFs and transfected NIH3T3 cells was performed by using a closed-box fluorescence microscope (\#FSX100; Olympus). The photographic conditions are indicated in the figures or in the figure legends.

Flow cytometry analysis
-----------------------

Preparation of cells were conducted in accordance with the manufacturer's protocol (https://www.bio-rad-antibodies.com/static/2015/flow-protocol/fc/fc1-preparation-of-cells.pdf). These cells were pre-treated with 20 *µ*M MG132 (\#3175-v; Peptide Institute Inc.) for 6 h, and dissociated with nylon mesh (\#352340; Corning Inc., Corning, NY, USA) right before flow cytometry analysis. Fluorescent signals of cells were analyzed by using a flow cytometer (\#Accuri C6 Plus; Becton, Dickinson and Co., Franklin Lakes, NJ, USA).

Immunostaining of tissue sections
---------------------------------

All tissues were fixed with 4% paraformaldehyde and embedded in paraffin. The paraffin-embedded tissues were sliced in 2 *µ*m thick and placed on silane-coated slides. On each slide, DsRed1-HA and Venus-Flag were double immunostained with rabbit anti-RFP polyclonal antibody (\#ab62341; Abcam, Cambridge, UK ), goat anti-rabbit IgG polyclonal antibody conjugated with Alexa Fluor 594 (\#ab150080; Abcam), chicken anti-GFP polyclonal antibody (\#ab13970; Abcam), and goat anti-chicken IgY polyclonal antibody conjugated with Alexa Fluor 488 (\#ab150169; Abcam). Hoechst 33342 (\#539-17191; Wako, Osaka, Japan) was used for counter staining of the tissues.

Measurement of fluorescent signals
----------------------------------

Fluorescent signals from the embryos and placentas were measured with an *in vivo* imaging system (\#Lumina; Perkin Elmer), whereas those from MEFs and transfected NIH3T3 cells were measured with a fluorescence microplate reader (\#Fluoroskan; Thermo Fisher Scientific). Measurement conditions are indicated in the figures or in the figure legends.

Results {#s3}
=======

Design of the fluorescent reporter for Cre/loxP-mediated recombination
----------------------------------------------------------------------

To detect Cre activity from changes in the fluorescence color from red to green, we constructed the reporter gene shown in [Fig. 1A.](#fig_001){ref-type="fig"}Fig. 1.(A) Schematic of the CREI gene. The CMV IE enhancer and the chick β-actin promoter are used to express constitutively and ubiquitously the DsRed1-HA gene or the Venus-Flag gene in mice. Cre recombinase changes the expressed reporter from DsRed1-HA to Venus-Flag by excision of the gene region between the two loxP sites. The "int/pA" shows the intron and polyadenylation site region derived from the SV40 T antigen gene. HindIII is a restriction enzyme used for the Southern blot analysis described below. (B) Southern blot analysis of the transgene in CREI mice. The upper panel shows an autoradiographic comparison of the F2 generation and the F21 generation of CREI mice, and of CREI mice and copy-number controls. The arrowhead indicates expected signals. The lower panel shows an ethidium bromide (EtBr)-stained image as a DNA loading control. (C) Quantitative PCR analysis of the transgene in CREI mice. The analysis was performed by using genomic DNA isolated from the F2 and F21 generations of CREI mice (n=3). β-actin was used for normalization. The RFP and GFP are coded by the DsRed1 gene and the Venus gene, respectively \[[@r13], [@r15]\]. Each gene is connected to the intron and the polyadenylation site of a T-antigen gene derived from SV40. The two *loxP* sites are located before and after the DsRed1 gene. The HA-tag sequence and the FLAG-tag sequence are linked to the DsRed1 gene and to the Venus gene, respectively. Transcription of the DsRed1 gene or Venus gene is constitutively activated by the enhancer of the IE gene derived from CMV and the promoter of the β-actin gene derived from chick. This reporter construct is named "CREI" from Creindicator for descriptive purposes here.

Generation and characterization of CREI transgenic mice
-------------------------------------------------------

By microinjection of the CREI construct into fertilized mouse eggs, we generated a transgenic mouse (F0). Southern blot analysis and quantitative PCR analysis confirmed that the CREI mouse line had been introduced with ten copies of the transgene in the expected manner, and that the copy number of the transgene was sustained in subsequent generations of the CREI mouse line ([Figs. 1](#fig_001){ref-type="fig"}B and C).

To examine their usefulness as Cre indicators, the CREI mice were mated with Meox-Cre mice that express Cre in the epiblasts restrictedly \[[@r22]\], and the mRNAs and proteins extracted from the offspring were examined by Northern blot analysis and Western blot analysis. Meox-Cre; CREI mice expectedly expressed DsRed1-HA mRNA in all their tissues, and the Venus-Flag mRNA in all their tissues except for the placenta. On the other hand, the CREI (Meox-Cre^−^) mice also expressed DsRed1-HA mRNA in all tissues, but did not express Venus-Flag mRNA in any tissue. Wild-type (Meox-Cre^−^; CREI^−^) mice and Meox-Cre (CREI^−^) mice did not express either the reporter mRNA in any tissue. DsRed1-HA protein and Venus-Flag protein were expressed in the same manner as the respective mRNA ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.(A) Northern blot and Western blot analysis of CREI reporters in mouse tissues. In the Northern blot analysis (NB), the upper and middle panels show the DsRed1-HA and Venus-Flag signals, respectively. The lower panel shows an EtBr-stained image of 18S rRNA as a loading control. In the Western blot analysis (WB), the upper and middle panels show the DsRed1-HA and Venus-Flag signals, respectively. The lower panel shows signals of GAPDH as a loading control. (B) Quantitative PCR analysis of CREI reporters in mouse tissues. The open and hatched columns show expression levels of DsRed1-HA mRNA and Venus-Flag mRNA, respectively. The expression level of endogenous *Gapdh* mRNA was measured as an internal standard. This histogram is shown as the mean (column) ± SEM (error bar) from triplicate experiments.). Quantitative PCR analysis additionally revealed that DsRed1-HA mRNA was expressed in similar levels in all tissues of both CREI mice and Meox-Cre; CREI mice, and that Venus-Flag mRNA was expressed in Meox-Cre; CREI mice at a similar level in all tissues except for the placenta. The same quantitative PCR analysis detected small amounts of Venus-Flag mRNA in all tissues of CREI mice and in the placenta of Meox-Cre; CREI mice. Neither reporter mRNA was detected in wild-type mice or in Meox-Cre mice ([Fig. 2B](#fig_002){ref-type="fig"}). Furthermore the copy number of DsRed1-HA gene was compared between in genome of CREI (Meox-Cre^−^) mice and in that of Meox-Cre; CREI mice. Quantitative PCR analysis confirmed that CREI (Meox-Cre^−^) mice expectedly had ten copies of DsRed1-HA gene in all examined tissues and MEFs, but that Meox-Cre; CREI mice had 6--8 copies of DsRed1-HA gene in all examined tissues and MEFs ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.The copy number of DsRed1-HA gene compared between in genome of CREI mice and Meox-Cre; CREI mice by quantitative PCR analysis. The analysis was performed by using genomic DNA isolated from the indicated tissues of 5 or 6-week-old mice (n=3) and mouse embryonic fibroblasts (MEFs) of E12.5 embryos (n=3). β-actin was used for normalization.).

Next, we examined the fluorescent signals of DsRed1-HA and Venus-Flag from the embryo and the placenta of each mouse genotype. Observation with the fluorescence stereoscopic microscope and the color CCD camera showed that obvious Venus-Flag signals could be detected from the whole embryos of Meox-Cre; CREI mice, but not from any other embryos or placentas. On the other hand, DsRed1-HA signals were barely detected from either the placenta or embryo of any genotype of mouse ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.(A) Images of mouse embryos and placentas observed with a fluorescent stereoscopic microscope. An excitation filter (530--555) and an emission filter (570--625) were used for observation of the DsRed1-HA signals. An excitation filter (460--480) and an emission filter (495--540) were used for observation of the Venus-Flag signals. The scale bar corresponds to 5 mm. (B) Images of mouse embryos and placentas observed with an *in vivo* imaging system. An excitation filter (500--550) and an emission filter (575--650) were used for the observation of the DsRed1-HA signals. An excitation filter (445--480) and an emission filter (515--575) were used for the observation of the Venus-Flag signals. The scale bar corresponds to 5 mm. The units for the signal indicators are p/s/cm^2^/sr.). The fluorescent signals of Venus-Flag were consistent with the results from the expression analysis described above, whereas those of DsRed1-HA were inconsistent with those results. This inconsistency led us to hypothesize that the fluorescent signals of DsRed1-HA might be markedly weaker in the CREI mouse line. Thus, fluorescent signals of DsRed1-HA and Venus-Flag were recorded by using an *in vivo* imaging system with a monochrome CCD camera that was much more sensitive in the detection of fluorescent signals. In this observation, Meox-Cre; CREI mice expectedly showed fluorescent signals of DsRed1-HA in both the embryo and the placenta, and fluorescent signals of Venus-Flag in the embryo only. On the other hand, CREI mice also showed DsRed1-HA signals in both the embryo and the placenta, but showed Venus-Flag signals in neither the embryo nor the placenta. Wild-type mice and Meox-Cre mice did not show either reporter signal in the embryo or the placenta ([Fig. 4B](#fig_004){ref-type="fig"}).

The use of the *in vivo* imaging system not only enabled us to detect weak fluorescent signals, but also to measure the level of fluorescent signals in the regions of interest ([Supplementary Fig. 1A](#pdf_001){ref-type="supplementary-material"}, see Supplementary Information). This measurement of the fluorescent signals in the embryo and the placenta of each genotype mouse indicated that the strength of the DsRed1-HA signals was 10--20% of that of the Venus-Flag signals ([Supplementary Fig. 1B](#pdf_001){ref-type="supplementary-material"}).

In addition to analysis in prenatal stage, we examined the fluorescent signals in postnatal stage of CREI mice. The fluorescent signals of DsRed1-HA and Venus-Flag from adult tissues showed the same pattern as those of the embryos ([Supplementary Figs. 2--9](#pdf_001){ref-type="supplementary-material"}). The property of CREI mice was also analyzed by mating with RIP-Cre mice that specifically express Cre recombinase in β cells of pancreatic islets. Quantitative PCR analysis of the isolated islets confirmed that CREI (RIP-Cre^−^) mice had ten copies of DsRed1-HA gene, but that RIP-Cre; CREI mice had 6--8 copies of DsRed1-HA gene ([Fig. 5A](#fig_005){ref-type="fig"}Fig. 5.(A) The copy number of DsRed1-HA gene compared between in genome of CREI mice and RIP-Cre; CREI mice by quantitative PCR analysis. The analysis was performed by using genomic DNA isolated from the islets of 8-week-old mice (n=3). β-actin was used for normalization. (B) Western blot analysis of CREI reporters in the islets. The upper and middle panels show the signals for DsRed1-HA and Venus-Flag, respectively. The lower panel shows signals of GAPDH as a loading control. (C) Images of the pancreas (upper panels) and the isolated islets (lower panels) observed with a fluorescent stereoscopic microscope. An excitation filter (530--555) and an emission filter (570--625) were used for observation of the DsRed1-HA signals. An excitation filter (460--480) and an emission filter (495--540) were used for observation of the Venus-Flag signals. The upper and lower scale bars correspond to 2 mm and 200 *µ*m, respectively.). Western blot analysis of the isolated islets revealed that DsRed1-HA protein was equivalently expressed in both of CREI (RIP-Cre^−^) mice and RIP-Cre; CREI mice, and that Venus-Flag protein was expressed only in RIP-Cre; CREI mice ([Fig. 5B](#fig_005){ref-type="fig"}). Observation with the fluorescence stereoscopic microscope and the color CCD camera showed that Venus-Flag signals were robustly detected from the islets of RIP-Cre; CREI mice, and that DsRed1-HA signals were marginally detected from the islets of CREI (RIP-Cre^−^) mice and RIP-Cre; CREI mice ([Fig. 5C](#fig_005){ref-type="fig"}).

Functional evaluation by using culture cells derived from CREI transgenic mice
------------------------------------------------------------------------------

The results of the experiments performed *in vivo*, as described above, suggested that CREI mice might exhibit a weak red fluorescence before Cre/loxP-mediated recombination and a strong green fluorescence afterwards. Such a property might alleviate concern regarding errors in the judgment of signals and might increase the level of certainty in the detection of Cre activity, because any fluorescence signals in the green region of the spectrum leaking from the weak red fluorescence signals should be at too low level to permit their detection by a conventional fluorescence microscope. To investigate this hypothesis, we compared the reporter protein expression and fluorescent activity of MEFs derived from the CREI mouse with those of NIH3T3 cells transfected with the CREI gene ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.(A) Images of cultured cells observed with a fluorescent microscope. An excitation filter (530--555) and an emission filter (570IF) were used to observe the DsRed1-HA signals. An excitation filter (460--495) and an emission filter (510--550) were used to observe the Venus-Flag signals. The scale bar corresponds to 200 *µ*m. (B) Western blot analysis of CREI reporters in culture cells. The upper and middle panels show the signals for DsRed1-HA and Venus-Flag, respectively. The lower panel shows signals of GAPDH as a loading control. (C) Measurement of fluorescent signals from cultured cells. The open and hatched columns show fluorescent signal levels of the NIH3T3 cells and mouse embryonic fibroblasts (MEFs), respectively. An excitation filter (544/15) and an emission filter (590/14) were used in measuring the DsRed1-HA signals. An excitation filter (485/14) and an emission filter (538/25) were used in measuring the Venus-Flag signals. These histograms are shown as the mean (column) ± SEM (error bar) from triplicate experiments.).

Both MEFs^Cre(−)/CREI(+)^ and MEFs^Cre(+)/CREI(+)^ expressed DsRed1-HA proteins and showed red fluorescent signals at a low level. Those signals were detected under long-exposure conditions but not under short-exposure conditions. MEFs^Cre(+)/CREI(+)^ also expressed Venus-Flag proteins and showed green fluorescent signals at a high level. The signals were detected under short-exposure conditions as well as under long-exposure conditions. MEFs^Cre(−)/CREI(+)^ did not express Venus-Flag proteins and did not show any detectable green fluorescence, even under long-exposure conditions. On the other hand, both NIH3T3^Cre(−)/CREI(+)^ cells and NIH3T3^Cre(+)/CREI(+)^ cells expressed DsRed1-HA proteins and produced much stronger red fluorescent signals that could be detected under short-exposure conditions as well as under long-exposure conditions. NIH3T3^Cre(+)/CREI(+)^ cells also expressed Venus-Flag proteins and showed a much stronger green fluorescence that could be detected under both short-exposure and long-exposure conditions. NIH3T3^Cre(−)/CREI(+)^ cells did not express Venus-Flag proteins, but showed a much weaker green fluorescence that could be marginally detected under long-exposure conditions, but not under short-exposure conditions.

To address the reason why DsRed1-HA signals are weak in cells and tissues derived from CREI mice, we next evaluated fluorescent signals and protein levels of MEFs treated with MG132, which is known as a proteasome inhibitor. Venus-Flag signals were increased up to 2.2 times in MEFs^Cre(+)/CREI(+)^ by treatment with MG132. On the other hand, DsRed1-HA signals were increased up to 3--4 times in MEFs^Cre(−)/CREI(+)^ and MEFs^Cre(+)/CREI(+)^ by treatment with it. Increase of protein levels by treatment with MG132 was more prominent in DsRed1-HA than in endogenous GAPDH ([Fig. 7](#fig_007){ref-type="fig"}Fig. 7.(A) Fluorescent microscopic images of mouse embryonic fibroblasts (MEFs) treated without or with MG132. An excitation filter (530--555) and an emission filter (570IF) were used to observe the DsRed1-HA signals. An excitation filter (460--495) and an emission filter (510--550) were used to observe the Venus-Flag signals. The scale bar corresponds to 200 *µ*m. (B) Western blot analysis of CREI reporters in MEFs. The upper and middle panels show the signals for DsRed1-HA and Venus-Flag, respectively. The lower panel shows signals of GAPDH as a loading control. (C) Measurement of fluorescent signals from MEFs. The open or hatched columns show fluorescent signal levels of MEFs treated without or with MG132, respectively. An excitation filter (544/15) and an emission filter (590/14) were used in measuring the DsRed1-HA signals. An excitation filter (485/14) and an emission filter (538/25) were used in measuring the Venus-Flag signals. These histograms are shown as the mean (column) ± SEM (error bar) from triplicate experiments.).

These MG132-induced effects also facilitate flow cytometry analysis of MEFs derived from CREI mice. Flow cytometry analysis of MEFs treated with MG132 also revealed that 1.0% of MEFs^Cre(−)/CREI(+)^ and 63.7% of MEFs^Cre(+)/CREI(+)^ were double positive of DsRed1 and Venus, that 36.1% of MEFs^Cre(−)/CREI(+)^ and 30.4% of MEFs^Cre(+)/CREI(+)^ were double negative of DsRed1 and Venus, and that 62.9% of MEFs^Cre(−)/CREI(+)^ and 5.6% of MEFs^Cre(+)/CREI(+)^ were DsRed1^+^ and Venus^−^ ([Fig. 8](#fig_008){ref-type="fig"}Fig. 8.Flow cytometry analysis of MG132-treated mouse embryonic fibroblasts (MEFs). An excitation laser (488) and an emission filter (585/40) were used to detect the DsRed1-HA signals. An excitation laser (488) and an emission filter (533/30) were used to detect the Venus-Flag signals. Each chart shows the same plot number (10,000 events). Data of Wild-Type MEFs and Meox-Cre MEFs was used for gating (blue lines) of negative or positive fluorescent signals.). However, immunohistological analysis of embryonic liver with anti-RFP antibody and anti-GFP antibody showed that DsRed1^+^/Venus^−^ cells and DsRed1^+^/Venus^+^ cells predominantly occupied tissue sections of CREI (Meox-Cre^−^) mice and Meox-Cre; CREI mice, respectively ([Fig. 9](#fig_009){ref-type="fig"}Fig. 9.Immunohistological images of tissue sections derived from embryonic liver. Anti-red fluorescent protein (RFP) antibody was used for observation of the DsRed1-HA signals. Anti-green fluorescent protein (GFP) antibody was used for observation of the Venus-Flag signals. Hoechst 33342 (H33342) was used for counter staining of the tissues. The scale bar corresponds to 50 *µ*m.).

Discussion {#s4}
==========

In the present research, we fortuitously developed a transgenic mouse (CREI) line that is valuable for monitoring the activity of Cre recombinase *in vivo*. The CREI mice expectedly expressed DsRed1-HA under Cre-negative conditions, and expressed Venus-Flag under Cre-positive conditions ([Fig. 2](#fig_002){ref-type="fig"}). Consequently, we could easily detect Cre activities *in vivo* from the green fluorescent signals produced by the CREI mice ([Fig. 4](#fig_004){ref-type="fig"} and [Supplementary Figs. 2--9](#pdf_001){ref-type="supplementary-material"}). Other mouse lines have already been reported to play similar roles as Cre indicators \[[@r4], [@r5]\]. However, our CREI mouse line is different from the other mouse lines in that the reporter signals are emitted at relatively low levels under Cre-negative conditions. This difference provides the CREI mouse line with a beneficial feature. This is because strong DsRed1 signals are liable to show some fluorescence emission in the green region of the spectrum, whereas weak DsRed1 signals do not so ([Fig. 6](#fig_006){ref-type="fig"}). Therefore CREI mice are less likely to show false green fluorescent signals, and are useful for the exclusive detection of Venus-derived green fluorescent signals.

As far as we examined, all tissues and cells derived from CREI mice expressed DsRed1-HA at an adequate level, but showed weak red fluorescent signals. This feature is probably attributed to unstable property of DsRed1 protein. It was reported that DsRed1 is stable in dimeric state, but is rapidly degraded in monomeric state through the ubiquitin-proteasome pathway \[[@r9]\]. In fact, our experiment by using MG132 revealed that CREI MEFs were able to show increased red fluorescent signals and high expression level of DsRed1-HA protein ([Fig. 7](#fig_007){ref-type="fig"}).

CREI mice expressed DsRed1-HA and showed weak red fluorescence, not only under Cre-negative conditions, but also under Cre-positive conditions ([Figs. 2](#fig_002){ref-type="fig"},[4](#fig_004){ref-type="fig"} and [Supplementary Figs. 2--9](#pdf_001){ref-type="supplementary-material"}). Flow cytometry analysis and Immunohistological analysis indicated that DsRed1^+^/Venus^+^ cells predominantly occupied Meox-Cre; CREI mice ([Figs. 8](#fig_008){ref-type="fig"} and[9](#fig_009){ref-type="fig"}). Comparison of the copy number of DsRed1-HA gene between in genome of CREI (Meox-Cre^−^) mice and in that of Meox-Cre; CREI mice suggests that 6--8 copies of transgene might be unresponsive to Cre recombinase in every tissue and in MEFs ([Fig. 3](#fig_003){ref-type="fig"}). Similar unresponsiveness to Cre recombinase was also showed in the islets of RIP-Cre; CREI mice ([Fig. 5A](#fig_005){ref-type="fig"}). Therefore we speculate that this partial reactivity of CREI transgene is dependent on some specific property of CREI mice, not dependent on that of Meox-Cre mice and RIP-Cre mice, and causes expression of DsRed1-HA under Cre-positive conditions.

Fluorescent signals shown in the presented CREI mouse line turned from weak RFP / no GFP to weak RFP /strong GFP in Cre dependent manner. From this property we named the presented mouse line as "CREI^WRtoSG^" to separate it from other Cre indicator mouse lines. This name will be used for future reference. As described above, long-exposure conditions and/or higher sensitive CCD camera are required for detection of the weak RFP signals from CREI^WRtoSG^ mice. The weak RFP signals are also showed in CREI^WRtoSG^ mice even under Cre-positive conditions. These may be considered as defective properties in Cre indicator mice. However, the Cre-dependent GFP signals could be easily detected without concern for leak signals derived from RFP by using our CREI^WRtoSG^ mice. Considering that Cre-dependent reporter activity is generally critical property in Cre indicator mice, our CREI^WRtoSG^ mice provide satisfactory performance as a Cre indicator. If we had generated a contrary transgenic mouse model exhibiting strong green fluorescence before and weak red fluorescence after Cre recombination, it would have provided unsatisfactory performance as a Cre indicator for interfering effect of strong green fluorescence on weak red fluorescence.

Regarding other critical properties as a Cre indicator, we confirmed that CREI^WRtoSG^ mice ubiquitously express the reporter gene ([Fig. 2](#fig_002){ref-type="fig"}), and that CREI^WRtoSG^ mice are useful for analysis by mating with two kinds of Cre-expressing (Meox-Cre and RIP-Cre) mice ([Supplementary Figs. 2--9](#pdf_001){ref-type="supplementary-material"} and [Fig. 5](#fig_005){ref-type="fig"}). Recently, many researchers have intensively analyzed conditional gene knockout mice by using the Cre/loxP system. From these beneficial aspects and increasing needs, we concluded that CREI^WRtoSG^ mouse could become an indispensable model tool for the performance of such animal experiments.
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